Abstract Gross sprinkler evaporation losses (SEL g ) can be large and decrease irrigation application efficiency. However, it is not universally established how much of the SEL g contributes to decrease the crop evapotranspiration during the sprinkler irrigation and how much are the net sprinkler losses (SEL n ). The components of SEL were the wind drift and evaporation losses (WDEL) and the water intercepted by the crop (IL). The gross WDEL (WDEL g ) and evapotranspiration (ET) were measured simultaneously in two alfalfa (Medicago sativa L.) plots, one being irrigated (moist, MT) and the other one not being irrigated (dry, DT). Catch can measurements, mass gains, and losses in the lysimeters and micrometeorological measurements were performed to establish net WDEL (WDEL n ) during the irrigation and net IL (IL n ) after the irrigation as the difference between ET MT and ET DT . Also, equations to estimate IL n and net sprinkler evaporation losses (SEL n ) were developed. IL n was strongly related to vapor pressure deficit (VPD). SEL n were 8.3 % of the total applied water. During daytime irrigations, SEL n was 9.8 % of the irrigation water and slightly less than WDEL g (10.9 %). During nighttime irrigations, SEL n were slightly greater than WDEL g (5.4 and 3.7 %, respectively). SEL n was mainly a function of wind speed.
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Introduction
Irrigation has an important role to increase and stabilize the crop yield, while the application efficiency is important when selecting a suitable irrigation method and scheduling in arid and semiarid regions. A fraction of the water applied by the sprinkler nozzles is lost by evaporation before reaching the soil during sprinkler irrigation events. These sprinkler evaporation losses (SEL) can be divided into wind drift and evaporation losses (WDEL) and interception losses (IL).
WDEL represent the water lost during the travel of the water droplets from the sprinkler nozzle to the surface being irrigated. Some of these losses drift away from the irrigated area. Nevertheless, all this water is eventually lost to evaporation. Some water droplets reach the crop leaves and stems but evaporate before reaching the soil surface. These latter losses represent the IL.
Previous works have reported different values and predictive models for WDEL depending upon different experimental conditions: sprinkler spacing, operating pressure, nozzle diameter, and, particularly, meteorological conditions (wind speed, water vapor pressure deficit, and temperature) (Yazar 1984; Tarjuelo et al. 2000) . Edling (1985) and Thompson et al. (1993a) found that WDEL were inversely proportional to the diameter of the droplets, which in turn depend, among others, on nozzle diameter and nozzle operating pressure (Kohl and Wright 1974; Solomon et al. 1985) . Lorenzini (2004) and De Wrachien and Lorenzini (2006) indicated that evaporation losses were directly proportional to droplet diameter considering the effects of air friction (ignored in previous models) on droplet evaporation, which is relevant under the turbulent flow commonly found at the boundary layer. Thus, values of WDEL up to 30-50 % of the applied water have been reported in the Middle Ebro River Valley located in the northeastern of Spain (Playán et al. 2005) . Wind speed and, to a lesser extent, relative humidity have been found to be the most important meteorological factors affecting WDEL (Playán et al. 2005) .
By the other hand, IL depends on the water storage capacity of a crop, which in turn depends on its architecture. Several authors have reported IL values for maize (Zea mays L.) of about 2.5-2.7 mm (Fritschen 1960; Seginer 1967; Smajstrla and Hanson 1980; Norman and Campbell 1983; Steiner et al. 1983a ). Lamm and Manges (2000) estimated an average value of IL of 1.8 mm. For sprinkler irrigation, IL is quantitatively smaller than WDEL, particularly for long irrigation events, as typical solid-set sprinkler irrigation depths range between 10 and 50 mm.
Due to the water lost to evaporation, the crop microclimate changes during and just after sprinkler irrigation, that is, the air temperature (T) and the vapor pressure deficit (VPD) decrease (Robinson 1970; Steiner et al. 1983b; Tolk et al. 1995) . For maize, this microclimate change only last a few hours after the irrigation event (Tolk et al. 1995; Cavero et al. 2009 ). The decline in the VPD, during and after sprinkler irrigation, would lead to a certain reduction in the crop transpiration rate. This would result in the conservation of soil water, which would otherwise be depleted by the crop (McNaughton 1981; Steiner et al. 1983a) . Assessment of the effect of sprinkler irrigation on soil evaporation (E) is more difficult. The increase in soil water and the presence of ponded water on the soil surface could result in an increased potential for evaporation. However, the reduction in the evaporative demand of the air, due to the reduction in VPD, will induce a decrease in the evaporation flux. Nevertheless, the ratio of soil evaporation to crop evapotranspiration (ET = E ? T) in fully developed canopies is low.
Following McNaughton (1981) , any reduction in crop ET from a wetted surface (compared to that from a dry area not being irrigated simultaneously but kept under similar water availability conditions) can be subtracted from the gross irrigation water losses to estimate the net irrigation water losses. At first glance, SEL are considered consumptive, non-beneficial water use (Burt et al. 1997) . However, the part of SEL replacing crop ET should be regarded as consumptive and beneficial (McNaughton 1981) . This results in the introduction of gross and net sprinkler evaporation losses (SEL g and SEL n ). Equation (1) is valid for both gross and net losses. Taking into account, net evaporation losses instead of gross evaporation losses could lead to an increase of application efficiency for a given application depth (Martínez-Cob et al. 2008 ).
The differences in ET rates between wet and dry surfaces just after irrigation events have been the object of several studies. Similar ET rates for both wet and dry crops have been reported by McMillan and Burgy (1960) , Frost (1963), and Seginer (1967) . Waggoner et al. (1969) reported shortterm ET rates of wet maize canopies more than twice that of dry maize canopies during the typical summertime conditions in Connecticut (USA). This difference only lasted for about 15 min, after which the ET rates became similar for both canopies. Less information is available regarding the differences in ET rates between wet and dry surfaces during the irrigation events themselves. Frost and Schwalen (1960) found that dry-leaf ET equaled or exceeded wet-leaf ET (both measured by weighing lysimeters) under similar atmospheric conditions. Sternberg (1967) reported that ryegrass ET (also measured by weighing lysimeters) was almost suppressed during irrigation and decreased by about 33 % after irrigation, as compared to that of a non-irrigated lysimeter. They found a 36-41 % reduction in maize transpiration during 2 daytime irrigation events using a lateral move sprinkler irrigation system in Texas (USA). Tolk et al. (1995) used an energy balance-based method to quantify evaporation rates and net irrigation water depth. What these authors called interception losses were likely reflecting total SEL rather than IL because the energy balance as applied by Tolk et al. (1995) would not allow separating WDEL from IL. Martínez-Cob et al. (2008) analyzed 21 irrigation events and found average reductions in maize transpiration of 58 %, and ET of 32-55 % for wet surfaces during daytime solid-set sprinkler irrigation events. After the irrigation events, the average reduction in maize transpiration was about 20 %, while ET for the wet surface was about 35 % higher than that of the dry surface, reflecting the net interception losses (IL n ) just after the irrigation events. Those differences between the wet and dry surfaces only lasted about 1-2 h after the irrigation. Nevertheless, the IL n only amounted 1 % of the applied water. During the irrigation event, the observed sharp decrease of VPD leads to a lower water vapor gradient between the evaporating surface and the atmosphere layer next to it (Martínez-Cob et al. 2008 ).
The ratio of canopy to aerodynamic resistances is also low, so that the reduction in transpiration almost voids the increased evaporation of intercepted water (Monteith 1981; Steiner et al. 1983a) . For these reasons, interception losses during irrigation time were small enough to be considered as negligible (Martínez-Cob et al. 2008) .
No much information is available on the possible reduction in alfalfa (Medicago sativa L.) ET during and after sprinkler irrigation. There is some evidence of the possible influence of the wettability of leaves on the gas exchange of different crops under sprinkler irrigation. Thus, Cavero et al. (2010) reported a different wettability of maize and alfalfa leaves affecting the change of net photosynthesis rates during solid-set sprinkler irrigation. This different wettability of alfalfa leaves may also have an influence on the reduction in alfalfa ET rates due to the irrigation as compared to the previously reported reductions in maize ET. Subsequently, the contribution of alfalfa ET reduction during and after sprinkler irrigation to application efficiency could be somewhat different to that reported for maize. Thus, the general objective of this paper was to quantify the net sprinkler evaporation losses (SEL n ) for the alfalfa crop and its components. This objective will be reached through the following specific objectives:
• Analysis of the meteorological (air temperature, relative humidity, and vapor pressure deficit) and physiological changes (canopy temperature) in alfalfa during and after solid-set sprinkler irrigation.
• Characterization of the alfalfa ET before, during, and after sprinkler irrigation as compared to that occurring at the same time in an alfalfa crop not being irrigated at that moment.
• Evaluation of the gross WDEL (WDEL g ) and estimation of the net WDEL (WDEL n ) when the contribution of the alfalfa ET reduction during and after irrigation are taken into account.
• Estimation and modeling of the net interception losses (IL n ) for alfalfa.
• Quantification and modeling of the sprinkler evaporation losses (SEL n ).
Materials and methods

General characteristics of the experiments
This research was conducted during the 2009 irrigation season (March-October) at a 2.0 ha field located in Montañana (Zaragoza, NE Spain). Geographical coordinates are 41°43 0 N latitude and 0°49 0 W longitude, and the elevation is 225 m above the sea level. The crop was alfalfa. The field was divided into two plots of 1.0 ha each, plots A and B.
The available water holding capacity within the top 1.2 m of the soil profile in these plots was 0.173 m 3 m -3 . The soil is classified as Typic Xerofluvent, with a sandy loam texture, mixed (calcareous), and mesic (Soil Survey Staff 1999).
The climate is semiarid Mediterranean. The mean annual values of several meteorological variables are as follows: air temperature, 14°C (24.2°C for July and 4.8°C for December); precipitation, 340 mm; and reference evapotranspiration (ET o ), 1,230 mm. The predominant wind directions are northwest (locally denominated Cierzo, dry and cold) and southeast (locally denominated Bochorno, dry and hot) with an annual average wind speed (2-m above ground level) of 2.3 ms -1 , classified as moderate wind .
A solid-set sprinkler irrigation with a square spacing of 15 m 9 15 m was installed in the 2 ha experimental plot ( Fig. 1 ). Impact sprinklers (RC-130 model Riegos Costa, Lleida, Spain 1 ) were used. These sprinklers had nozzle diameters of 4.4 mm and 2.4 mm, a vertical throw angle of 25°, and the nozzle height was located at 2.2 m above the ground. Irrigation pressure was measured every 5 min during each irrigation event by two pressure transducers (Model 2200/2600, Gems Basingstoke, Hampshire, UK), one in each plot, located in the sprinkler riser pipe at 2.2 m above the ground (Fig. 1) . The working pressure (P, kPa) measured by the transducers was used to calculate the gross irrigation depth (I g , mm) using the following equation based on the Torricelli's Theorem and the Orifice Equation (Norman et al. 1990 ):
where D C is the discharge coefficient (D C = 0.98 as determined experimentally by Playán et al. 2006 ); d1 and d2 are the large and small nozzle diameter, respectively, mm; t is the irrigation event duration, s; and S is the area irrigated by one sprinkler, m 2 (in this experiment, equal to 15 m 9 15 m = 225 m 2 ). The application rate for this sprinkler layout working at a pressure of 300 kPa was 7.5 mm h -1 . For the evaluated irrigations, the rate varies according to the working pressure and the irrigation time.
Irrigations were scheduled to meet the crop water requirements, which were computed weekly from reference evapotranspiration (ET o ) estimates and local crop coefficients. Daily ET o was computed using the FAO PenmanMonteith method (Allen et al. 1998 ) from the daily meteorological values (air temperature and relative humidity, wind speed, and global solar radiation) recorded at a standard automatic weather station located at a grass plot (''grass weather station''), adjacent (northern side) to plot A. Local crop coefficients were derived from tabulated values (Allen et al. 1998 ) adapted according to local phenological and meteorological data (Martínez-Cob 2004) . Weekly crop water requirements were converted to weekly crop irrigation requirements (NIR, mm) using the following expression:
where EP was effective precipitation, mm, estimated as 75 % of recorded precipitation (Dastane 1978) ; and EF apl is water application efficiency estimated as 80 % for the solid-set sprinkler irrigation (Clemmens and Dedrick 1994). A weekly irrigation schedule was established according to NIR such that each plot was irrigated 2 or 3 times per week not exceeding 4 h per irrigation event (*30 mm per event) to avoid soil saturation. The irrigation was alternated between plots, so when a plot was irrigated (moist treatment, MT), the second plot was not irrigated (dry treatment, DT). However, both plots were fully irrigated covering the alfalfa water requirements, and both plots received approximately the same seasonal irrigation depth. Once one plot was irrigated, the other plot was irrigated approximately 8 h later to ensure that the microclimate effects were totally removed (Cavero et al. 2009 ).
Water loss calculations
Following ASAE. S.398.1 (1985) , the sprinkler irrigation performance was evaluated by the gross WDEL (WDEL g , %). WDEL g were measured using a network of 25 plastic catch cans (at a spacing of 3 m 9 3 m) that was arranged within four sprinklers in each plot (Fig. 1) . Catch cans (own manufacture) were conical in its lower part (100 mm length) and cylindrical in its upper part (200 mm length). The diameter of the upper part was 160 mm. The catch cans were marked in mm for direct readout up to 45 mm. Catch cans were placed at 0.4 m above the ground just after each alfalfa clipping and at 0.85 m once the alfalfa crop reached a full development to ensure the catch cans were always above the alfalfa canopy. WDEL g (%) was estimated as the percentage of water delivered by sprinklers (I g , mm) and not collected within catch cans or collectors (I cc , mm) (Dechmi et al. 2003; Playán et al. 2005; and Sánchez et al. 2010a) . I cc was the average of the water collected at the 25 catch cans.
Alfalfa evapotranspiration at each subplot was measured by a weighing lysimeter located at the middle of each subplot (Fig. 1) . Each lysimeter had an effective surface area of 6.26 m 2 (length 2.72 m 9 width 2.30 m, both measured up to the midpoint of the inner-outer wall). Lysimeter depth was 1.7 m. Both lysimeters were made of stainless steel with a thickness of 6 mm. A more detailed description of the lysimeters is presented in Martínez-Cob (2001) . Lysimeters recorded 5-min evapotranspiration (ET) rates that were combined into hourly totals from the 2 h before to the 3 h after each irrigation event. During the irrigation event, 5-min ET rates recorded at the dry treatment lysimeter (ET DT ) were summed and later converted to mm h -1 . However, it was impossible to directly measure ET rates during the irrigation event at the moist treatment lysimeter (ET MT ) due to its gain of mass because of the applied irrigation water. Thus, the ET MT rates during the irrigation event were determined as follows (Martínez-Cob et al. 2008) :
where ET MT_di is the estimated ET rate at the moist treatment during the irrigation event, mm h -1 ; I lcc is the water depth applied to the lysimeter during the irrigation event, mm; I lys is the water depth recorded at the lysimeter during the irrigation event, mm; and t is the duration of the irrigation event, h. I lcc was determined as the average water depth collected in 18 catch cans (Fig. 1) , similar to those used for measurement of WDEL g , located just around the lysimeter, a few centimeters apart from the outer wall of the lysimeter tank. The I lys was determined as the gain in mass by the lysimeter during the irrigation event divided by its effective surface area (Martínez-Cob 2001) . Uncertainty of Eqn. (5) arises from the different resolution of the catch cans and the lysimeter, about 0.5 and 0.05 mm, respectively. Martínez-Cob et al. (2008) reported that maize ET reduced by about 32-55 % on average during irrigation events while maize transpiration reduced by about 58 % on average. This difference in the percent reduction of both variables was due to the evaporation of intercepted water at the soil and crop surfaces during the irrigation. In other words, the estimated values of ET MT_di also include the evaporation of the intercepted water during the irrigation. For impact sprinklers, the magnitude of the evaporation of the intercepted water at the soil should be relatively negligible (Yonts 2000) and the evaporation of the intercepted water at the crop surfaces will also be relatively small due to the reduction in VPD (Steiner et al. 1983a; Thompson et al. 1996; Schneider and Howell 1995) .
The ET rates of the different irrigation events at both moist and dry treatments were compared for the two periods (1 and 2 h) before, during, and three periods (1-3 h) after the irrigation events. A Student's t test for paired samples was performed to test the null hypothesis that the difference between averages ET at both treatments was equal to 0 (a = 0.05). The t test was applied for each of the six abovementioned periods.
As previously mentioned, part of the WDEL g replaces crop ET during the irrigation events. Then, the work hypothesis is that the reduction in crop ET (i.e., the difference between ET DT and ET MT during the irrigation events) can be subtracted from WDEL g to get the net WDEL. Therefore,
where WDEL n are the net wind drift and evaporation losses, mm; t is the total irrigation duration, h; and (ET DT -ET MT ) di is the reduction in ET during the irrigation event (di), mm h -1 . After the irrigation, the crop transpiration of the wetted surface continues to be reduced for some time (Martínez-Cob et al. 2008) , but that reduction is less after irrigation than during the irrigation event (as it occurs for VPD reduction), so transpiration reduction is lower than the evaporation of intercepted water. Then, the difference between ET MT and ET DT after the irrigation should represent the net interception losses, that is, the difference between the gross interception losses and the reduction in transpiration after the irrigation. Thus, after the irrigation event (ai), and during the time it takes for this water to evaporate, the following equation holds (Martínez-Cob et al. 2008) :
where IL n are the net intercepted losses, mm; m is the time duration after irrigation used to calculate the IL n , h. The time after irrigation (ai) considered for the IL n calculation corresponded to the time needed to equal ET MT and ET DT (i.e., until the irrigated canopy was dry). Values of WDEL n and IL n were used to determine SEL n applying Eq. (1).
Prediction of net sprinkler evaporation losses
Statistical analyses of prediction equations of WDEL g , IL n , and SEL n as a function of several meteorological variables: VPD, wind speed (U), solar radiation (R sol ), and air temperature (T air ) were performed using the Statgraphics Plus software (version 5.0, Statistical Graphic Corp. 1994 -2000 . The equations were selected through a backward stepwise procedure accounting for their statistical indicators used to monitor and compare the selected equations (Dolado 1999): the adjusted coefficient of determination (adjusted R 2 ), the mean square error (MSE), the coefficient of efficiency (E) defined by Wilcox et al. (1990) , the similarity index (IS) (Willmott 1981) , and the root mean square error (RMSE). Two additional statistics were introduced to evaluate the predictive capability of the equations: the average magnitude of the relative error (AMRE, %) and the prediction level 25 ( 
Microclimatic changes
An automatic weather station was installed in the center of each plot, next to the weighing lysimeters (Fig. 1) . Each station had a datalogger (Campbell Scientific model CR10X, Shepshed, Loughborough, UK) monitoring an air temperature and relative humidity probe (Vaisala model HMP45AC, Helsinki, Finland) and an infrared thermometer (Apogee Instruments Inc., Roseville, CA, USA) at 0.1 Hz (10 s). The temperature and relative humidity probe were installed at 1.5 m above ground; its accuracy was ±0.3°C for temperature and ±3 % for relative humidity. The infrared thermometer was located at 1.0 m above the crop canopy with an angle of 458 and was oriented toward the north; its accuracy is ±0.38C. Averages of air temperature and relative humidity were computed for each 5-min period, and 30-min averages of canopy temperature were computed and stored in the Datalogger memory. VPD was computed for each 5-min period using the 5-min averages of air temperature and relative humidity as described by Allen et al. (1998) .
Values of air temperature, VPD, and canopy temperature at both treatments were compared for the periods before (1 and 2 h), during and after (1-3 h) the irrigation events. As for ET, the Student's t test for paired samples was used (Devore and Peck 1986) .
Results and discussion
General characteristics of the experiments
The total irrigation depth applied in the 2009 irrigation season for alfalfa was 798 mm and 813 mm for plots A and B, respectively. This slight difference was due to the slightly greater irrigation pressure in the plot B (308 kPa) than that in the plot A (302 kPa). The total number of irrigation events for the entire irrigation season was the same for both plots (42 events); minimum, maximum, and average irrigation durations were 1.0 h, 4.0 h, and 2.5 h, respectively.
A total of 24 daytime irrigation events (12 at plot A and 12 at plot B) and 12 nighttime irrigation events (6 at plot A and 6 at plot B) were evaluated for WDEL g , microclimatic and ET changes before, during, and after irrigation, WDEL n and SEL n . Table 1 summarizes the general characteristics of the evaluated irrigation events. The average applied irrigation water per event was 21.1 mm and 20.8 mm for daytime and nighttime irrigation, respectively.
Distinct general meteorological conditions occurred during daytime and nighttime irrigation events according to the recorded values at the ''grass station'' ( Table 1 ). The average wind speed (U) during daytime irrigation (2.5 ms -1 ) was twice that recorded during the nighttime events (1.2 ms -1 ). The maximum wind speeds were 5.8 and 3.1 ms -1 during daytime and nighttime irrigations, respectively. The mean air temperature and VPD were 24.4°C and 1.47 kPa, respectively, for daytime irrigations, while they were 14.8°C and 0.28 kPa, respectively, for nighttime irrigations.
Microclimatic and physiological changes during sprinkler irrigation
Microclimatic and physiological changes started immediately at the beginning of the irrigation events, more pronounced in the case of daytime events (Fig. 2 ). This agrees with the results reported by Tolk et al. (1995) , Thompson et al. (1993b) , and Cavero et al. (2009) . During daytime irrigation events, a significant (a = 0.05) decrease in air temperature (T) was observed for the moist treatment regarding the dry treatment (Fig. 2) . On average, this temperature decrease due to sprinkler irrigation was 1.5°C. This decrease in temperature for the moist treatment remained significant (although less in magnitude, about 0.6, 0.1, and 0.1°C on average for 1, 2, and 3 hours after irrigation events, respectively) until 3 h after the end of the irrigation. During nighttime irrigation events, air temperature (T) of the moist treatment (MT) decreased also significantly (a = 0.05) as compared with the dry treatment (DT), but this decrease was much lower (0.4°C on average) (Fig. 2) .
Similar behavior was observed for the vapor pressure deficit (VPD) and the canopy temperature. The average decrease of VPD in the moist treatment during the irrigation was 0.44 kPa and 0.11 kPa for the daytime and nighttime irrigation events, respectively. The canopy temperature in the moist treatment declined 3°C on average during daytime irrigation events, although that decrease was negligible during nighttime irrigation events (0.18C).
After the irrigation event, the difference in the VPD above the crop canopy between the non-irrigated plot (DT) and the irrigated plot (MT) was also significant (although to a lesser extent) until 2 h after daytime irrigation and up to 3 h after the nighttime irrigation.
The canopy temperature follows the same pattern as the VPD; a significant difference was also detected up to 3 h after daytime irrigation events. This difference was decreasing as time advances.
The decrease in air temperature, VPD, and canopy temperature above alfalfa was less than reported by Cavero et al. (2009) 1.0 m above the maize canopy. The VPD was measured at 1.5 m above ground level, which implies an average height of measurements above the alfalfa canopy of 0.7-1.3 m. Differences in the meteorological conditions of the experiments, in the measurement height, and in the density of both crops (maize and alfalfa) may partly explain the differences. Microclimatic and physiological changes lasted only 3 h after irrigation at most. Other authors have also reported that microclimatic changes last for a short period of time after the irrigation (Cavero et al. 2009; Tolk et al. 1995) . Figure 3 shows the relationship between the 5 min averages of air temperature (T), alfalfa canopy temperature (TV), and VPD during the irrigation in the irrigated plot (MT) versus the corresponding averages recorded at the same time in the non-irrigated plots (DT), for all evaluated irrigation events. Microclimatic and physiological changes were more pronounced during daytime irrigation (Fig. 3 left) than during nighttime irrigation (Fig. 3 right) . Cavero et al. (2009) reported the same patterns for corn and stated that the differences were due to the largest temperature and VPD conditions for the daytime irrigations. Sprinkler irrigation effects on crop evapotranspiration Figure 4 shows the average alfalfa ET rates for the moist treatment versus those for the dry treatment for the periods 1 and 2 h before, during, and 1-3 h after each daytime irrigation event. Likewise, the overall average values of ET MT and ET DT for alfalfa for the abovementioned periods are listed in Table 2 for day and nighttime irrigation events. There was no significant difference (a = 0.05) between the two treatments 1 or 2 h before the irrigation event for both daytime and nighttime irrigations ( Fig. 4 ; Table 2 ). However, ET MT was significantly lower (about 42 % on average) than ET DT during the daytime irrigation event (Table 2 ; Fig. 4 ). This ET reduction in alfalfa (42 %) was lower than that reported for maize (55 %) by Martínez-Cob et al. (2008) when these authors used the same approach to that used in this study (Eq. 5) to determine the ET MT . The differences on meteorological conditions between both experiments could partially explain the differences. For the alfalfa experiments, the average air temperature (T), VPD, and wind speed (U) were 24.4°C, 1.47 kPa, and 2.5 ms -1 , respectively, much lower than those reported by Martínez-Cob et al. (2008) for corn, 30.6°C, 3.0 kPa, and 3.0 ms -1 , respectively. Cavero et al. (2010) reported a reduction in the rate of photosynthesis for maize by 23 % during the sprinkler irrigation event. However, photosynthesis of alfalfa was slightly increased (not significantly) during the sprinkler irrigation event. These authors reported difference in leaf characteristics (contact angle of water and canopies) between maize and alfalfa. This different wettability of alfalfa leaves may also have an influence on the reduction in alfalfa ET rates due to the irrigation as compared to the previously reported reductions in maize ET. Consequently, the contribution of alfalfa ET reduction during and after sprinkler irrigation to application efficiency could be somewhat different to that reported for maize. Sternberg (1967) used a weighing lysimeter to study ryegrass ET during and after sprinkler irrigation events at Davis (California) and reported an almost complete suppression of ET during the irrigation and a reduction of about 33 % after the irrigation. These different results can be attributed to the fact that Sternberg (1967) used always the same lysimeter as moist treatment, while the lysimeter for dry treatment recorded systematically higher ET values before the irrigation. The results of this study have shown that ET was not completely suppressed during the irrigation because the transpiration, the main component of ET, decreased but was not suppressed (Martínez-Cob et al. . During nighttime irrigation events, the differences between treatments were also statistically significant but the overall average values of ET for both treatments were small (Table 2) , within the precision of the lysimeter, so it could be assumed that the ET reduction during nighttime periods can be considered as negligible. After the irrigation events, contrary to what was observed during irrigation, ET MT was significantly (a = 0.05) greater (about 12.5-19 %) than ET DT (Fig. 4 , after and Table 2 ). This increase in ET MT after the irrigation event was due to the evaporation of canopy intercepted water and to the lower transpiration reduction between the dry and the moist plot compared to that occurring during the irrigation event (Fig. 4) (Tolk et al. 1995; Martínez-Cob et al. 2008) . These highest ET rates for the moist treatment were only observed for the first hour after nighttime irrigation events; however, after the daytime irrigation events, these highest ET rates were observed for the three monitored hours. On average, the difference between ET MT and ET DT 1-3 h after daytime irrigations was quite similar (both in absolute and relative values); this behavior being somewhat different from that reported for Table 2 Average total daytime and nighttime evapotranspiration of moist (ET MT ) and dry (ET DT ) treatments during 2009 irrigation season, and average differences ET DT -ET MT during, 1-2 h before and 1-3 h after the irrigation event maize by Tolk et al. (1995) and Martínez-Cob et al. (2008) for which the differences between treatments lasted no more than 1-2 h. This longer duration of the ET reduction after the irrigation was also likely due to the different meteorological conditions observed in this study (lower evaporative demand) and the earlier irrigation starting time that may affects the ET reduction (11:20 GMT in this study versus 14:00 GMT reported by Martínez-Cob et al. 2008 ).
Determination of net sprinkler evaporation losses Table 3 summarizes the applied water, the WDEL g , the reduction in ET during irrigation event, and the balance of sprinkler evaporation losses for the daytime and irrigation events evaluated in this work. The gross irrigation water applied (I g ) for the 36 evaluated events was 757.4 mm, and the measured WDEL g was 64.6 mm, 8.5 % of the total applied water. WDEL n for both daytime (6.6 % of applied water) and nighttime (3.0 % of applied water) irrigation events were smaller than WDEL g for those two periods, 10.9 and 3.7 % of applied water, respectively, due to the contribution of ET reduction during the irrigation events. The ET reduction observed in this study for daytime irrigations was 21.6 mm (4.3 % of applied water), a value slightly lower than the 4.8 % reported for maize by Martínez-Cob et al. (2008) . Nighttime ET reduction (0.8 % of applied water) was similar to that reported by Martínez-Cob et al. (2008) . Total nighttime irrigated alfalfa ET is as much as 12 % of the total daily (24-h) alfalfa ET due to the lower VPD and U during nighttime periods (Tolk et al. 2006) . For this reason, nighttime ET reduction was extremely low. However, the WDEL n reported by Martínez-Cob et al. (2008) were higher than those observed in this study. This was due to the higher WDEL g values reported by Martínez-Cob et al. (2008) for both daytime and nighttime irrigations; in this study, average daytime WDEL g was 10.9 % while it was 19 % in the research found by Martínez-Cob et al. (2008) . The different average wind conditions for the two studies, 2.4 ms -1 in this study and 3.0 ms -1 in the study of Martínez-Cob et al. (2008) , as well as differences in canopy height and architecture (Sánchez et al. 2010b ) explained these different WDEL g values.
Net interception losses (IL n ) 1-3 h after the irrigation events were larger for daytime irrigation (15.9 mm, 3.1 % of the daytime applied water) than for nighttime irrigation (6.0 mm, 2.4 % of the nighttime applied water). When considering all the irrigation events, IL n for alfalfa resulted in 2.9 % of the total applied water, greater than the 1.1 % IL n reported by Martínez-Cob et al. (2008) for maize. Since IL n includes water on leaf and stem surfaces and water trapped in the leaf sheath area, the variation in IL n between crops can only be partially attributed to differences in crop architecture and characteristics of the leaf sheath of both crops. The higher IL n value found in this work was mainly due to the fact that the differences on ET between dry and moist lysimeters remained significant until 3 h after the irrigation for the daytime irrigation events of the alfalfa crop (Table 2) , that is, more time than that reported for maize, likely due to the different meteorological conditions observed in this and the work of Martínez-Cob et al. (2008) .
Adding IL n to WDEL n resulted in SEL n of 62.9 mm (8.3 % of applied water) when considering all the irrigation events (Table 3) . For daytime irrigations, SEL n were 49.5 mm (9.8 % of applied water), while for nighttime irrigations, SEL n were 13.4 mm (5.4 % of applied water) ( Table 3) . The difference between WDEL g and SEL n for daytime irrigation represented 1.1 % of the total applied water, lower than reported by Martínez-Cob et al. (2008) for maize (1.8 %), due to the higher wind speed and evaporative demand reported by these authors, also theses differences would be partially explained by the differences in crops height and architecture between maize and alfalfa.
For nighttime irrigation events, the almost negligible reduction in ET rates added to the IL n led to a higher average SEL n value compared to the average WDEL g value, being the average difference between them of 1.7 % of applied water. Similar results were found by Martínez-Cob et al. (2008) for maize nighttime irrigations (a difference of 1.5 % of applied water between WDEL g and SEL n ). The WDEL g have been traditionally used in sprinkler irrigation engineering because of its experimental determination simplicity as an irrigation performance variable to characterize the adequacy of an irrigation event or schedule. However, the SEL n represent a more adequate variable to characterize the sprinkler losses. The SEL n values for daytime irrigation resulted slightly lower that the corresponding WDEL g , indicating that the sprinkler application efficiency was slightly higher (1.1 % for alfalfa and 1.8 % for maize crop) than that could be derived using the traditional variable, WDEL g . On the other hand, for nighttime irrigation events, SEL n values resulted slightly higher than the corresponding WDEL g , indicating that the sprinkler application efficiency was slightly lower (1.7 % for alfalfa and 1.5 % for maize) than that could be derived using the traditional variable, WDEL g . These results should be taken into account in irrigation scheduling. Figure 5 shows the measured IL n values for all irrigation events (daytime and nighttime) versus the average VPD recorded after the irrigation period. The selected equation presented in Fig. 5 was a linear regression model that describes the positive relationship between the independent variable VPD and IL n . The increase in the evaporative demand of the air, due to the increase in VPD, will induce an important increase in the evaporation flux from the alfalfa intercepted water. This relationship established for alfalfa IL n was not established for maize in Martínez-Cob et al. (2008) . The different wettability of maize and alfalfa leaves can explain the different role of VPD on alfalfa and maize IL n . A relatively moderate adjusted coefficient of determination was obtained for the IL n equation (R adj 2 = 0.47). The relationship depicted on Fig. 5 shows the best suited equation obtained by backward stepwise method to predict the IL n according to its explicative and predictive capabilities and its statistical significance (a lower than 0.01). The mean absolute error (MAE) for this equation was very low, less than 0.001 %; the coefficient of efficiency (E) and the similarity index (IS) were 0.65 and 0.89, respectively, and very close to 1.0 presenting a better agreement between observed and predicted IL n values. The Pred [0.25] indicates that the 45 % of the predicted IL n differed from the measured IL n by less than 25 %.
The best suited equation obtained to predict WDEL n uses the wind speed as the explicative variable (statistical significance a = 0.01) (Fig. 6) . The wind speed has also been reported by other authors (Playán et al. 2005; Zapata et al. 2007; Sánchez et al. 2011) as the most significant variable affecting the WDEL g . A relatively moderate adjusted coefficient of determination was obtained (R adj 2 = 0.41). Wind speed also resulted the only significant variable (a = 0.01) explaining the SEL n variability (R adj 2 = 0.44). MAE, IS, E, and Pred [0.25] were 0.02, 0.81, 0.48, and 60 % respectively. The relationship between SEL n and U was also found by Martínez-Cob et al. (2008) for maize. For conditions similar to those of this study, the regression equation obtained for all irrigation events to predict SEL n as a function of U would be recommended.
Although the relationship is significant between both WDEL n and U and between SEL n and U, considerable variability in SEL n and WDEL n for the same wind speed U was recorded at the ''grass station'' and averaged for the periods during and after (1-3 h) the irrigation events was shown in Fig. 6 . This variability may be partially explained by the variability in other meteorological variables (such as T, RH, and VPD) that did not improve significantly the prediction equations and were excluded by the backward or stepwise statistical procedure. Several researches found that interception losses ranged from 1.8 to 2.7 mm for maize (Steiner et al. 1983b; Seginer 1967; Smajstrla and Hanson 1980; Lamm and Manges 2000) and more than 10 mm for winter wheat under high evaporation condition (Du et al. 2001; Li and Rao 2000) . Tolk et al. (1995) found maize intercepted losses less than 8 % of the total water applied by impact sprinkler irrigation in day time, while Li and Rao (2000) found intercepted losses for winter wheat of 24-28 % of the total seasonal applied water. Thompson et al. (1993a, b) used a equation to calculate the net interception losses, which amounted less than 1 % of total applied water, less than the average IL n (2.9 %) in this study. However, the uncertainty of the net interception losses estimated by the model of Thompson et al. (1993a) was relatively high. The differences in crops architecture and measurement methodologies complicate the comparison between results obtained from the literature.
Conclusions
Significant decreases in air temperature, VPD, and canopy temperature were observed during daytime and nighttime sprinkler irrigations of alfalfa lasting up to 1-3 h after the irrigation events. Those decreases during daytime irrigation events were 1.5°C, 0.44 kPa, and 3.0°C on average, respectively.
During the irrigation events, there was a significant reduction in ET for the moist treatment compared to the dry treatment. The average reduction was much higher for daytime irrigation events (0.3 mm h -1 , 42 %) than for nighttime irrigation events (0.07 mm h -1 ). Summing up all evaluated irrigation events, the daytime ET reduction amounted 21.6 mm (4.3 % of the applied water) and the nighttime ET reduction amounted 1.9 mm (0.8 % of the applied water). For 1-3 h after the daytime irrigation events, the ET at the moist treatment was greater (by about 12.5-19 % on average) than the ET at the dry treatment due to the combination of gross interception losses and reduced transpiration after the irrigation. Subsequently, the IL n amounted to a total of 15.9 mm (3.1 % of the applied water) for all daytime irrigation events, and 6.0 mm (2.4 % of the applied water) for all nighttime irrigation events.
The WDEL g during daytime irrigation (10.9 %) were greater than WDEL g during nighttime irrigation (3.7 %) due to the different meteorological conditions. Discounting the ET reduction and adding the IL n , the SEL n amounted a total of 49.5 mm (9.8 % of the applied water) for all daytime irrigation events and 13.4 mm (5.4 % of the applied water) for all nighttime irrigation events. Subsequently, the difference between the WDEL g and the SEL n was modest, about 1.1 and -1.7 % of the applied water for daytime and nighttime irrigation events, respectively. Therefore, the contribution of reduced evapotranspiration during sprinkler irrigation events to the water application efficiency was modest.
An evaluation of predictive equations of SEL n and its components, IL n and WDEL n , as a function of various meteorological variables (U, RH, T, and VPD) was performed. The methodological characterization of SEL n presented in this work was limited to the research field: for the WDEL n modeling, meteorological variables used were averaged on the period ''during the irrigation,'' while for IL n modeling, the meteorological values were averaged on the period ''after irrigation.''
